Mice with muscle-specific knockout of the Glut4 glucose transporter (muscle-G4KO) are insulin resistant and mildly diabetic. Here we show that despite markedly reduced glucose transport in muscle, muscle glycogen content in the fasted state is increased. We sought to determine the mechanism(s). Basal glycogen synthase activity is increased by 34% and glycogen phosphorylase activity is decreased by 17% (P < 0.05) in muscle of muscle-G4KO mice. Contraction-induced glycogen breakdown is normal. The increased glycogen synthase activity occurs in spite of decreased signaling through the insulin receptor substrate 1 (IRS-1)-phosphoinositide (PI) 3-kinase-Akt pathway and increased glycogen synthase kinase 3␤ (GSK3␤) activity in the basal state. Hexokinase II is increased, leading to an approximately twofold increase in glucose-6-phosphate levels. In addition, the levels of two scaffolding proteins that are glycogen-targeting subunits of protein phosphatase 1 (PP1), the muscle-specific regulatory subunit (RGL) and the protein targeting to glycogen (PTG), are strikingly increased by 3.2-to 4.2-fold in muscle of muscle-G4KO mice compared to wild-type mice. The catalytic activity of PP1, which dephosphorylates and activates glycogen synthase, is also increased. This dominates over the GSK3 effects, since glycogen synthase phosphorylation on the GSK3-regulated site is decreased. Thus, the markedly reduced glucose transport in muscle results in increased glycogen synthase activity due to increased hexokinase II, glucose-6-phosphate, and RGL and PTG levels and enhanced PP1 activity. This, combined with decreased glycogen phosphorylase activity, results in increased glycogen content in muscle in the fasted state when glucose transport is reduced.
A fundamental action of insulin is to control the plasma glucose concentration by stimulating glucose uptake into muscle and adipose cells and inhibiting hepatic glucose output (13) . The stimulatory effect of insulin on glucose transport and glycogen synthesis involves a series of cellular events (26, 49) . Dysregulation of any of these steps could result in insulin resistance, which is a major risk factor in the development of type 2 diabetes (26, 49) . The binding of insulin to its receptor generates intracellular signals that stimulate Glut4 translocation. The nature of the signaling intermediates that mediate this process is under intense investigation (57) . It is likely that defects in signaling account for resistance to insulin-stimulated glucose transport in muscle in cases of type 2 diabetes (25, 42, 48) .
The relative importance of glucose transport compared to that of glycogen synthase activity in regulating the rate of glycogen synthesis has been debated over many years (32, 44) . Attention has focused on the importance of glucose transporters in determining the rate of glycogen synthesis (22, 46) . Studies with transgenic mice overexpressing the glucose transporters Glut1 or Glut4 in skeletal muscle support the notion that increasing glucose transport is sufficient to increase glycogen synthesis in spite of the normal activation of glycogen synthase (22, 46) . Other evidence, however, suggests that increased activation of glycogen synthase, rather than increased glucose transport, is important for controlling glycogen synthesis in skeletal muscle in vivo (4, 37) . The disruption of glycogen synthase in skeletal muscle results in a lack of glycogen accumulation in spite of an increased ability to dispose of glucose (40) .
Glycogen content is regulated by the balance between the activities of glycogen synthase and glycogen phosphorylase (52) . Glycogen synthase catalyzes the rate-limiting step for glycogen synthesis, while glycogen phosphorylase regulates glycogen breakdown in skeletal muscle (32, 44) . Insulin causes the dephosphorylation of both glycogen synthase and phosphorylase in skeletal muscle, resulting in the activation of glycogen synthase and the inactivation of glycogen phosphorylase, thereby increasing glycogen accumulation (32, 39) . Glycogen synthase activity is also regulated allosterically by the level of glucose-6-phosphate, in addition to being regulated by the insulin-signaling cascade and by other phosphate compounds (e.g., ATP, ADP, AMP, phosphocreatine) (50) . In muscle, glucose-6-phosphate is generated primarily by the action of hexokinase II to phosphorylate glucose. While data show mixed results, depending on the conditions used, a number of studies demonstrate that glucose phosphorylation becomes an important mechanism for the control of muscle glucose uptake during hyperinsulinemia in rodents (18, 43, 64) and humans (6, 7, 27, 58, 59 ). Furthermore, insulin-induced hexokinase expres-sion is reduced in humans with obesity and type 2 diabetes (41) .
Both basal and insulin-stimulated glycogen synthase activation are impaired in muscle of insulin-resistant humans and rodents (24, 29, 56) , which might be expected to result in accumulation of less glycogen in muscle. However, high glycogen levels in skeletal muscle are seen in certain insulin-resistant and diabetic animals, such as obese Zucker rats (51) , diabetic Zucker rats (51) , and rats with streptozotocin-induced diabetes (19) . High muscle glycogen levels may actually contribute to insulin resistance, since studies show that increased glycogen content resulting from high-glucose feeding or from muscle denervation impairs insulin signaling in skeletal muscle (15, 34) . In addition, high glycogen content inhibits AMPactivated protein kinase activity, which could also contribute to insulin resistance (61) . Relatively little is known about the underlying mechanism for increased glycogen content in skeletal muscle in some insulin-resistant states in vivo. Interestingly, in mice lacking Glut4 in all tissues (53) , glycogen content levels and glycogen synthesis rates differed between males and females and between different muscle fiber types, being increased in some and decreased in others.
Protein phosphatase 1 (PP1) plays a key role in the regulation of glycogen metabolism, catalyzing the dephosphorylation of glycogen synthase, glycogen phosphorylase, and phosphorylase kinase (9) . These dephosphorylation reactions promote the net synthesis of glycogen by activating glycogen synthase and inhibiting phosphorylase (9) . The PP1 catalytic subunit (PP1C) interacts with a wide variety of targeting subunits that localize it to specific sites within cells. The muscle-specific regulatory subunit (RGL; also called G M ) and protein targeting to glycogen (PTG) are members of a family of glycogentargeting subunits of PP1 (38, 55) . RGL is expressed primarily in skeletal muscle, and PTG is expressed in all insulin-sensitive tissues (38) . The binding of RGL or PTG to PP1C enhances the dephosphorylation of glycogen synthase and causes the activation of glycogen synthesis (16, 17, 38) . Studies suggest that RGL and PTG could play a crucial role in the regulation of glycogen synthesis. The overexpression of RGL or PTG increases basal glycogen synthase activity and glycogen content in a variety of cell types, such as cultured skeletal muscle cells (33, 45) , hepatocytes (5) , and CHO cells (35, 62) , as well as in skeletal muscle (3) or liver (5, 20) in vivo. In addition, in skeletal muscle of RGL-knockout mice and PTG heterozygous mice, basal glycogen synthase activities and glycogen amounts are reduced (12, 14, 54) . However, the full impact of the glycogen-targeting subunits on glycogen metabolism in skeletal muscle in vivo is still unclear.
We previously demonstrated that mice with muscle-specific knockout of Glut4 (muscle-G4KO) are insulin resistant and glucose intolerant from an early age (65) . In this study, we investigated the effects of muscle-specific deletion of Glut4 on muscle glycogen metabolism. Here we show that the deletion of Glut4 in muscle results in increased glycogen content in the fasted state in spite of a 75% reduction in glucose transport. Importantly, we find that glycogen synthase activity in muscle is increased in muscle-G4KO mice. This appears to result from the alteration of multiple regulatory steps, including increased hexokinase II leading to increased glucose-6-phosphate levels, increased RGL and PTG resulting in increased PP1 catalytic activity, and decreased glycogen phosphorylase activity. These results indicate that glucose phosphorylation and glycogentargeting subunits in muscle can be regulated either directly or indirectly when glucose transport is impaired. Furthermore, these steps may play a dominant role in regulating glycogen metabolism in muscle in the fasted state.
MATERIALS AND METHODS

Animals.
All animal studies were conducted in accordance with the principles and procedures outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Male or female wild-type (WT) and musclespecific Glut4-knockout littermates (65) were studied at ϳ4 to 12 months of age. The mice were fed standard chow (PMI Feeds, Inc, St. Louis, MO) and housed under controlled-temperature conditions at 24°C and a 12-h light-dark cycle with light from 0630 to 1830 h.
Protocols. (i) Basal state. After overnight fasting, mice were anesthetized by injection of ketamine and xylazine solution. Skeletal muscles and liver and fat tissue were rapidly removed, frozen in liquid nitrogen, and stored at Ϫ80°C until analysis.
(ii) Acute insulin stimulation. For injection experiments, mice were fasted overnight. On the day of the experiment, a bolus injection of insulin (10 U/kg) was administered through the tail vein. Three min later, skeletal muscles and liver were rapidly removed, frozen in liquid nitrogen, and stored at Ϫ80°C until analysis.
(iii) Contraction in isolated muscle. After a 10-to 12-h fast, mice were killed by cervical dislocation, and soleus muscle was rapidly dissected, tied with suture (silk, size 4-0), and mounted on an incubation apparatus with resting tension set to 0.25 g as described previously (23) . Muscles were preincubated in KrebsRinger bicarbonate buffer containing 2 mM pyruvate at 37°C for 40 min. When contracted, muscles were electrically stimulated during the last 10 min of this period (train frequency, 2/minute; train duration, 10 seconds; pulse rate, 100/ second; pulse duration, 0.1 millisecond; voltage, 100 V). Glycogen content was determined as described below.
Glycogen synthesis in skeletal muscle in vivo. Mice were injected intraperitoneally with 10 Ci of [U- 14 C]glucose (ICN Pharmaceuticals Inc.) and sacrificed 1 h later. Samples of plasma were obtained serially at 5, 10, 30, and 60 min after injection for the measurement of plasma glucose levels and specific activities. The muscle was rapidly removed and frozen in liquid N 2 , and glycogen was extracted as described below. To determine the level of glucose incorporation into muscle glycogen, 14 C radioactivity in glycogen (dpm) was divided by the integrated glucose-specific activity area under the curve. Muscle glycogen synthesis was expressed as ng of glucose incorporated into glycogen per mg of muscle per hour.
Preparation of tissue lysates. Fifty mg of tissue was homogenized using a Polytron device at half the maximum speed for 1 min on ice in 500 l of buffer A (20 mM Tris, pH 7.5, 5 mM EDTA, 10 mM Na 4 P 2 O 7 , 100 mM NaF, 2 mM Na 3 VO 4 ) containing 1% NP-40, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 g/ml aprotinin, and 10 g/ml leupeptin. For assays of glycogen synthase kinase 3 (GSK3) activity, we changed the concentration of NaF in buffer A from 100 mM NaF to 1 mM NaF. Tissue lysates were solubilized by continuous stirring for 1 h at 4°C and centrifuged for 10 min at 14,000 g. The supernatants were stored at Ϫ80°C until analysis.
Determination of glycogen content. The glycogen content of muscle was determined by modifications of a procedure described by Chan and Exton (10) . Muscle was weighed and solubilized with 0.5 N KOH at 95°C. The glycogen was precipitated with 3 volumes of ethanol and 0.1 volume of Na 2 SO 4 (6%) at Ϫ80°C. The precipitate was washed with 70% ethanol. The glycogen in the precipitate was digested with amylo-␣-1,4-␣-1,6-glucosidase (EC 3.2.1.3) in acetate buffer (pH 4.9), and the amount of released glucose was determined by use of a glucose oxidase method (Sigma). Glycogen from rabbit liver (Sigma) was used as the standard.
Determination of glycogen synthase activity. Twenty milligrams of muscle was homogenized using a Polytron device at half the maximum speed for 1 min on ice in 0.5 ml of extraction buffer (50 mM HEPES, 10 mM EDTA, 100 mM NaF, 5 mM dithiothreitol, 1 M leupeptin, 1 M pepstatin, and 200 M PMSF, pH 7.5).
Homogenates were used to measure glycogen synthase activity as described previously (60) . Glycogen synthase activity was determined at a physiologic concentration of substrate (0.3 mM UDP-glucose), which was calculated as nanomoles of UDP-glucose incorporated into glycogen per minute per milligram of total protein and expressed as the ratio of activity assayed at 0 mM glucose-6-phosphate divided by the activity at 7.2 mM glucose-6-phosphate. This is an indicator of the change in the phosphorylation state of glycogen synthase in response to insulin (47) .
Determination of glycogen phosphorylase activity. Glycogen phosphorylase activity was measured at 30°C as described previously (21) . Phosphorylase measured in the presence of 3 mM AMP is called total activity, whereas activity measured in the absence of added AMP is defined as phosphorylase a activity.
Determination of glucose-6-phosphate concentration. Glucose-6-phosphate concentration was measured in perchloric acid extracts of frozen muscle according to the method of Lowry and Passonneau (36) .
Determination of PP1 activity. Twenty mg of muscle was homogenized using a Polytron device at half the maximum speed for 1 min on ice in 0.5 ml of PP1 homogenization buffer (50 mM Tris, 2 mM EDTA, 0.2% ␤-mercaptoethanol, 2 mg/ml glycogen, pH 7.4) containing 0.1 mM PMSF, 1 mM benzamidine, and 10 mg/ml aprotinin. Muscle homogenates (10 g) were preincubated with PP1 homogenization buffer containing 4.5 nM okadaic acid for 2 min at 37°C. The reaction was initiated by adding 15 g of 32 P-labeled phosphorylase a in the presence of 3 nM okadaic acid and 5 mM caffeine. The level of phosphate release was determined as described previously (8) .
Determination of PI3K, Akt, and GSK3 activities. Muscle lysates (500 g of protein) were subjected to immunoprecipitation for 4 h at 4°C with either 5 l of a polyclonal insulin receptor substrate 1 (IRS-1) antibody (1:100 dilution; gift from Morris White, Joslin Diabetes Center), 3 g of Akt antibody that recognizes both Akt1 and Akt2 (Upstate Biotechnology, Lake Placid, NY), or 5 l of a polyclonal GSK3␤-specific antibody (1:100 dilution; a gift from Hagit EldarFinkelman, Tel-Aviv University, Israel) coupled to protein A-Sepharose (Sigma, St. Louis, MO) or protein G-Sepharose beads. The immune complex was washed, and phosphatidylinositol 3-kinase (PI3K), Akt, and GSK3 activities were determined as described previously (30) .
Determination of amounts of signaling proteins. Tissue lysate protein (5 to 50 g per lane) was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 6%, 8%, and 10% gels) and transferred to nitrocellulose membranes (Schleicher & Schuell). The membranes were blocked with 5% nonfat dry milk for 1 h at room temperature and incubated with the following antibodies in 1% nonfat dry milk overnight at 4°C: a polyclonal Glut4 antibody (gift from H. Haspel, Henry Ford Hospital, Detroit, MI), a polyclonal insulin receptor antibody (Santa Cruz Biotechnology, Santa Cruz, CA), a polyclonal IRS-1 antibody (gift from M. White, Joslin Diabetes Center), a polyclonal antibody against the p85␣ subunit or p110␣ subunit of PI3K (Upstate Biotechnology), a polyclonal antibody for Akt that recognizes both Akt1 and Akt2 (Upstate Biotechnology), a monoclonal antibody for GSK3 that recognizes both GSK3 ␣ and GSK3 ␤ (Upstate Biotechnology), a polyclonal glycogen synthase antibody (gift from J. Lawerence, University of Virginia), a polyclonal mitogen-activated protein kinase (MAPK) antibody (gift from J. Blenis, Harvard Medical School), a polyclonal PP1 antibody (Upstate Biotechnology), a polyclonal RGL/G M antibody (gift from A. DePaoli-Roach, Indiana University) a polyclonal PTG antibody (gift from M. Brady, University of Chicago), a polyclonal phosphoglycogen synthase (Ser641) antibody (Cell Signaling, Beverly, MA), or a polyclonal hexokinase II (Chemicon, Temecula, CA). The bands were visualized with the enhanced chemiluminescence system (Amersham) and quantified with a densitometer (Molecular Dynamics) (30) . Statistical analysis. Data are presented as means Ϯ standard errors of the mean (SEM). Statistical analyses were performed using the StatView program (Abacus Concepts, Inc., Berkeley, CA). Statistical significance was tested with the unpaired Student t test or analysis of variance.
RESULTS
Glycogen content. Glut4 protein levels were reduced at least 95% in muscle-G4KO mice (Fig. 1A) . Basal glucose transport in vitro was reduced by 75% in soleus muscles of muscle-G4KO mice (Fig. 1B) . In spite of markedly reduced glucose transport, glycogen content in the fasted state was increased 83%, 61%, and 39% in soleus, gastrocnemius, and tibialis anterior, respectively, of 4-month-old muscle-G4KO compared with WT mice (P Ͻ 0.05) (Fig. 1C) . This elevation of glycogen VOL. 25, 2005 Glut4 DELETION IN MUSCLE INCREASES GLYCOGEN CONTENT 9715 content persisted; in gastrocnemius muscle, glycogen was also elevated by 55% in 8-month-old and by 31% in 12-month-old muscle-G4KO mice compared to WT mice (P Ͻ 0.05) (data not shown). Glycogen content in the fed state was unaltered in muscle of muscle-G4KO mice (3.27 Ϯ 0.16 g/mg) compared with that of WT mice (3.11 Ϯ 0.15 g/mg) (n ϭ 5; not significant).
The rates of incorporation of [ 14 C]glucose into muscle glycogen were similar in both groups (139 Ϯ 56 ng/mg/hour in WT versus 142 Ϯ 39 ng/mg/hour in muscle-G4KO; n ϭ 6 to 7; not significant), in spite of the fact that basal glucose transport in muscle was 75% lower in muscle-G4KO mice than in WT mice (Fig. 1B) (65) . These data suggest that even though only a small amount of glucose is transported into muscle, this glucose is preferentially metabolized to glycogen, resulting in an increase in glycogen synthesis relative to the amount of glucose transported.
Glycogen synthase and glycogen phosphorylase activity. To clarify the mechanism(s) for increased glycogen content, we examined glycogen synthase and glycogen phosphorylase activity in tibialis anterior and gastrocnemius muscle of muscle-G4KO mice. Basal glycogen synthase activity was increased by 40% in tibialis anterior muscle of muscle-G4KO mice and by 47% in gastrocnemius muscle of muscle-G4KO compared with WT mice (P Ͻ 0.05) ( Fig. 2A and B) . Consistent with these findings, the phosphorylation of glycogen synthase on serine 641, which is phosphorylated by GSK3 and critical for glycogen synthase activity, was decreased by 36% in gastrocnemius muscle of muscle-G4KO compared with WT mice (P Ͻ 0.05) (Fig.  2C) . Figure 2D shows that the protein levels of glycogen synthase in skeletal muscle did not differ between WT and muscle-G4KO mice. Basal glycogen phosphorylase activity levels were slightly decreased by l2% in tibialis anterior muscle and by 14% in gastrocnemius muscle of muscle-G4KO compared with WT mice (P Ͻ 0.01) (Fig. 3A and B) . Total glycogen phosphorylase activity was also modestly decreased in tibialis anterior muscle (130 Ϯ 2.7 nmol/mg/min in WT versus 119 Ϯ 1.5 nmol/mg/min in muscle-G4KO; P Ͻ 0.05) and tended to decrease in gastrocnemius muscle (126 Ϯ 2.5 nmol/mg/min in WT versus 120 Ϯ 1.7 nmol/mg/min in muscle-G4KO; P Ͻ 0.08; n ϭ 9) of muscle-G4KO mice compared with that of WT mice.
To understand the mechanism for increased glycogen content, we determined whether glycogen breakdown was impaired in muscle-G4KO mice by measuring the effectiveness of contraction in reducing the glycogen content in soleus muscle. Glycogen content in the basal state was increased by 83% in soleus muscle of muscle-G4KO mice compared with that of WT mice (P Ͻ 0.01). Interestingly, in spite of modestly reduced glycogen phosphorylase activity (Fig. 3A and B) , contraction decreased glycogen content by ϳ40% in soleus muscle of muscle-G4KO, a decrease which was similar to that for WT mice (Fig. 3C) .
PI3K, Akt, and GSK3 activities. Fasting plasma insulin concentrations are not increased in muscle-G4KO mice (65). Therefore, to determine whether the PI3K-Akt-GSK3 pathway could be upregulated, which could explain the increased basal glycogen synthase activity, we investigated these signaling proteins in muscle. Basal PI3K activity associated with IRS-1 was reduced by 53% in muscle of muscle-G4KO compared with that in WT mice (P Ͻ 0.05) (Fig. 4A) . Basal Akt activity was also decreased by 52% in muscle of muscle-G4KO compared with that in WT mice (P Ͻ 0.05) (Fig. 4B) . Correspondingly, GSK3␤ activity was increased by 55% in muscle-G4KO compared with WT mice (P Ͻ 0.05) (Fig. 4C) . Levels of basal Aktand IRS-1-associated PI3K activities were unaltered in adipose tissue from muscle-G4KO mice compared with that of WT mice (data not shown). These results indicate that the increased glycogen content in the skeletal muscle of muscle-G4KO mice cannot be explained by increases in the activity of classical insulin-signaling pathway, since PI3K and Akt activities are decreased, resulting in increased GSK3␤ activity. This suggests that other pathways are involved in the modulation of glycogen synthase in this insulin-resistant state.
When mice were acutely stimulated with a large bolus of insulin intravenously (i.v.) to achieve maximal insulin stimulation, IRS-1-associated PI3K and Akt activities were unaltered in muscle-G4KO compared with WT mice (Fig. 5A and B) . Insulin inhibited GSK3 activity by ϳ50% in muscle of WT and muscle-G4KO mice (Fig. 5C) . However, the insulin-stimulated increase in glycogen synthase activity was 36% higher in muscle of muscle-G4KO mice than in that of WT mice (P Ͻ 0.05) (Fig. 5D ). Even though basal glycogen synthase activity is increased in muscle of muscle-G4KO mice ( Fig. 2A and B) , insulin stimulates glycogen synthase activity levels 30% higher than basal levels in these mice (compare with Fig. 5D ). These data suggest that the deletion of the Glut4 glucose transporter results in increased activity of both basal and insulin-stimulated glycogen synthase in muscle-G4KO compared to WT mice. Insulin-induced insulin receptor and MAPK phosphorylation were unaltered in muscle of muscle-G4KO mice compared with that of WT mice (data not shown). In parallel with the response to an i.v. insulin bolus, prolonged insulin infusion during a euglycemic clamp (2.5 mU insulin/kg/min) (28) also resulted in the normal stimulation of IRS-1-associated PI3K and GSK3, and glycogen synthase activity was also increased by 45% in muscle of muscle-G4KO mice compared with that of WT mice (data not shown).
FIG. 3. Basal glycogen phosphorylase (GP) activity in tibialis anterior (A) and gastrocnemius muscle (B)
and contraction-induced glycogen content (C) in soleus muscle from WT and muscle-G4KO mice. Mice were fasted overnight. (A and B) The ratio of glycogen phosphorylase activity represents the activity measured in the absence divided by that in the presence of AMP. (C) After an overnight fast, soleus muscle was dissected. Soleus muscle was electrically stimulated for 10 min (Ϫ, noncontraction; ϩ, contraction). The glycogen content was determined by use of a glucose oxidase method. Results are means Ϯ SEM for four to nine mice per group. #, P Ͻ 0.05 versus basal (noncontraction) WT; *, P Ͻ 0.05 versus basal WT or basal KO.
FIG. 4. Basal IRS-1-associated PI3K (A), Akt (B)
, and GSK3␤ (C) activity levels in muscle from WT and muscle-G4KO mice. Mice were fasted overnight. (A) PI3K activities were measured in IRS-1 immunoprecipitates and were quantitated using a PhosphorImager. (B) Muscle lysates (500 g) were subjected to immunoprecipitation with an Akt antibody that recognizes both Akt1 and Akt2. The immune pellets were assayed for kinase activity using Crosstide as the substrate. (C) Muscle lysates (500 g) were subjected to immunoprecipitation with a GSK3␤-specific antibody. The immune pellets were assayed for kinase activity using phospho-glycogen synthase 1 as the substrate. Results are means Ϯ SEM for four to six mice per group. *, P Ͻ 0.05 versus WT.
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Glycogen-targeting subunit level and activity of PP1. Glycogen-targeting subunits of PP1 play a key role in the regulation of glycogen metabolism (9) . PP1 is a regulator of the activation of glycogen synthase and the inactivation of glycogen phosphorylase (9) . To determine whether increased expression of glycogen-targeting or regulatory subunits of PP1 could contribute to increased glycogen synthase activity, we measured the protein levels of the regulatory subunits of RGL, PP1G and PTG, in skeletal muscle. Strikingly, the RGL protein level was increased by 4.2-fold and the PTG protein level was increased by 3.4-fold in muscle of muscle-G4KO mice compared with that of WT mice (P Ͻ 0.01) (Fig. 6A and B) . Both RGL (104% Ϯ 7.8% of WT in muscle-G4KO) and PTG (103% Ϯ 11.9% of WT in muscle-G4KO; P Ͻ 0.05) protein levels in the fed state were unaltered in muscle of muscle-G4KO mice compared with that of WT mice.
To determine whether the increased levels of RGL and PTG resulted in an increase in PP1 catalytic activity or subunit protein in muscle of muscle-G4KO mice, we measured the PP1 activity and protein levels of the PP1 catalytic subunit. Figure  6C shows that basal PP1 activity was increased by 30% in skeletal muscle of muscle-G4KO mice compared with that of WT mice (P Ͻ 0.01). Figure 6D shows a representative blot indicating that the amounts of PP1 catalytic subunit protein were similar in muscle of WT and of muscle-G4KO mice.
Hexokinase II protein and glucose-6-phosphate level. Because glycogen synthase activity is regulated by glucose-6-phosphate levels and glucose-6-phosphate levels are regulated by hexokinase, we measured hexokinase II protein and glucose-6-phosphate levels in muscle. Interestingly, the amount of hexokinase II protein was markedly increased by 4.4-fold in muscle of muscle-G4KO mice compared with that in WT mice (Fig. 7A) . In parallel, the glucose-6-phosphate concentration in muscle was also significantly elevated in muscle-G4KO mice compared with that in WT mice (Fig. 7B) . These data suggest that increased glucose-6-phosphate levels, possibly resulting from increased hexokinase II activity, may promote an allosteric increase in glycogen synthase activity in these animals, resulting in increased glycogen synthesis.
Glycogen content, glycogen phosphorylase activity, and PTG protein levels in liver. To determine whether the alterations in glycogen metabolism that we see in muscle-G4KO mice are specifically due to the deletion of Glut4 selectively in muscle or due to the altered metabolic state, we examined glycogen content, glycogen phosphorylase activity, and PTG protein levels in liver. Glycogen content and glycogen phosphorylase activity levels were unaltered in liver of muscle-G4KO mice compared with that of WT mice (Fig. 8A and B) . PTG protein levels in liver also did not differ significantly between WT mice and muscle-G4KO mice (Fig. 8C) . These results indicate that the FIG. 5. Insulin-stimulated IRS-1-associated PI3K (A), Akt (B), GSK3␤ (C), and glycogen synthase (D) activity levels in muscle from WT and muscle-G4KO mice. After an overnight fast, mice were injected i.v. with saline (Ϫ, white bars) or 10 U/kg insulin (ϩ, black bars). Three min later, muscle was removed. (A) PI3K activities were measured in IRS-1 immunoprecipitates and were quantitated using a PhosphorImager. (B) Muscle lysates (500 g) were subjected to immunoprecipitation with an Akt antibody that recognizes both Akt1 and Akt2. The immune pellets were assayed for kinase activity using Crosstide as the substrate. (C) Muscle lysates (500 g) were subjected to immunoprecipitation with a GSK3␤-specific antibody. The immune pellets were assayed for kinase activity using phospho-glycan synthase 1 as the substrate. (D) The ratio of glycogen synthase (GS) activity represents the activity measured in the absence divided by that in the presence of glucose-6-phosphate. Results are means Ϯ SEM for four to six mice per group. *, P Ͻ 0.05 versus insulin-stimulated WT. selective deletion of Glut4 in muscle has no effect on glycogen metabolism in liver in the fasted state. This contrasts with the rapid glycogen synthesis in liver of fasted muscle-G4KO mice following a glucose injection; a glucose injection also stimulates insulin secretion, so the metabolic condition is very different (65). Our results indicate that the altered glycogen metabolism in muscle is most likely directly due to the diminished glucose transport in muscle.
FIG. 6. RGL and PTG levels and basal PP1 activity levels and protein amounts in muscle from WT and muscle-G4KO mice. (A and B) Proteins in muscle lysates (25 g) were separated by SDS-PAGE on 6% or 10% gels and transferred to nitrocellulose membranes. RGL/G M and PTG were visualized by immunoblotting with an RGL or PTG antibody. (C) PP1 activity in muscle homogenates (10 g) was measured using 32 P-labeled phosphorylase a as the substrate. (D) Proteins in muscle lysates (50 g) were separated by SDS-PAGE on 10% gels and transferred to nitrocellulose membrane. PP1 was visualized by immunoblotting with a PP1 antibody. Results are means Ϯ SEM for 5 to 10 mice per group. OD, optical density. *, P Ͻ 0.05 versus WT.
FIG. 7.
Hexokinase II protein amounts and glucose-6-phosphate concentrations in muscle from WT and muscle-G4KO mice. Mice were fasted overnight. (A) Proteins in muscle lysates (50 g) were separated by SDS-PAGE on 8% gels and transferred to nitrocellulose membranes. Hexokinase II was visualized by immunoblotting with a hexokinase II antibody. (B) Glucose-6-phosphate concentrations were determined in perchloric acid extracts of frozen muscle tissues. Results are means Ϯ SEM for 6 to 10 mice per group. OD, optical density. *, P Ͻ 0.05 versus WT. **, P Ͻ 0.01 versus WT.
VOL. 25, 2005 Glut4 DELETION IN MUSCLE INCREASES GLYCOGEN CONTENT 9719
Other signaling protein levels. To determine whether changes in the activities of molecules in the signaling cascade are due to alterations in the expression levels of these proteins subsequent to the deletion of Glut4, we measured protein levels for signaling molecules in skeletal muscle of muscle-G4KO mice. The amounts of insulin receptor and IRS-1 protein was not significantly altered in muscle of muscle-G4KO compared with that of WT mice (Fig. 9) . Also, the amounts of the p110␣ catalytic subunit and the p85␣ regulatory subunit of PI3K and of Akt and GSK3␤, respectively, were unaltered in muscle of muscle-G4KO compared with that of WT mice (Fig.  9) . The total amount of MAPK protein was not significantly altered in muscle of muscle-G4KO mice (Fig. 9) .
DISCUSSION
Glycogen storage in skeletal muscle is important for both energy metabolism and glucose homeostasis (63) . Glucose transport is the rate-limiting step for glycogen synthesis under normal conditions and in type 2 diabetes (11). Therefore, large impairments in glucose transport would be expected to result in decreased glycogen content. Unexpectedly, we found that the deletion of Glut4 selectively in skeletal muscle results in increased glycogen content in both oxidative and glycolytic muscles, despite the fact that glucose transport in these muscles is severely reduced when measured either ex vivo (65) (Fig. 1 ) or in vivo (28) . This raises important questions about the regulation of muscle glycogen content. Interestingly, in mice lacking Glut4 in all tissues, glycogen content and synthesis rates were decreased in some muscles and not in others (53) . This may reflect differences in the metabolic milieus of these two models.
The present study was designed to determine the underlying mechanism(s) for increased glycogen content in muscle of muscle-G4KO mice (Fig. 10) . Since glycogen content is controlled predominantly by the coordinated regulation of the two enzymes responsible for its synthesis and breakdown, i.e., glycogen synthase and phosphorylase, respectively (32, 44) , we investigated the activities of these two enzymes in muscle of muscle-G4KO mice. A major finding of this study is that glycogen synthase activity in the basal state is increased and glycogen phosphorylase activity is modestly decreased in the absence of Glut4 in muscle. Interestingly, the level of contraction-induced glycogen breakdown is normal despite modestly decreased glycogen phosphorylase activity. These data suggest that increased glycogen content in muscle could be due to increased glycogen synthase activation resulting in enhanced glycogen synthesis.
The mechanism for this increased glycogen synthase activity is not increased signaling through the classical pathway regulating glycogen synthesis, since basal PI3K and Akt activities are reduced and GSK3 activity is increased. Instead, there are dramatic changes in several pathways involved in glycogen metabolism. One major alteration is that the abundance of glycogen-targeting subunits of PP1 (RGL and PTG) is increased in skeletal muscle of muscle-G4KO mice. In parallel, PP1 activity is elevated in muscle of muscle-G4KO mice. The activation of PP1 can dephosphorylate and activate glycogen synthase and inactivate glycogen phosphorylase, resulting in increased glycogen accumulation in muscle of muscle-G4KO mice. These data suggest that the abundance of glycogentargeting subunits can be regulated either directly or indirectly by glucose transport in muscle and that the altered abundance of glycogen-targeting subunits can play an important role in the regulation of glycogen metabolism in muscle in vivo.
We propose that the elevation of the levels of the glycogentargeting subunits RGL and PTG plays a major role in the increased glycogen content in skeletal muscle of muscle-G4KO mice by activating PP1, which dephosphorylates and activates glycogen synthase. In support of this is the fact that the interaction of glycogen-targeting subunits with PP1C and glycogen synthase is a major determinant of glycogen synthase activation (16, 17, 38) , and the overexpression of RGL or PTG causes increased glycogen content and glycogen synthase activity in a variety of cell lines, including human muscle cells (35) , CHO cells (35) , and isolated hepatocytes (5, 20) . Furthermore, a disruption of the RGL gene in mice results in reductions of both glycogen synthase activity and glycogen accumulation in skeletal muscle (14, 54) , and a disruption of the PTG gene results in reductions of both parameters in muscle and liver (12) . Therefore, it is likely that an increase in glycogen-targeting subunits in skeletal muscle of muscle-G4KO mice results in increased binding of RGL or PTG to PP1C, causing dephosphorylation and the activation of glycogen synthase and leading to increased glycogen content in these mice. RGL most likely plays a greater role than PTG in muscle, since the RGLknockout animals exhibited a 90% reduction in muscle glycogen levels, despite the preservation of PTG expression in muscle (14) .
Note that the increase of glycogen-targeting subunit protein levels is greater than the increase of the PP1 catalytic activity in muscle of muscle-G4KO mice. This difference is most likely due to the methodology for measuring PP1 activity. The current methodology measures both the free form of PP1 activity and the form of PP1 complexed with RGL or PTG or other glycogen-targeting subunits (38) . Possibly, the changes in the PP1 catalytic activity specifically complexed with RGL and PTG would be increased to a greater extent. Importantly, the increase in PP1 activity is sufficient to override the inhibitory input from GSK3 on glycogen synthase, because even though GSK3 activity is increased in muscle of muscle-G4KO mice, the phosphorylation of glycogen synthase on the most important site for GSK3 is decreased.
The underlying mechanisms by which the abundance of glycogen-targeting subunits is upregulated in skeletal muscle of muscle-G4KO mice are not known. However, the effect is relatively specific to muscle, in that no changes in PTG levels are seen in liver of these mice. This suggests that the changes in the abundance of glycogen-targeting subunits are not secondary to systemic factors that would affect both tissues. Little is known about the metabolic factors that regulate these scaffolding proteins. A recent study suggests that insulin does not regulate RGL protein levels in skeletal muscle (31) . Another study shows that PTG mRNA expression can be induced by neurotransmitters such as noradrenaline and vasoactive intestinal peptide in primary culture of mouse cortical astrocytes (2) . These effects are thought to be mediated by ␤-adrenergic receptor-and cyclic AMP-dependent pathways (1) . Future studies will be needed to clarify which factors regulate the expression of glycogen-targeting subunits in skeletal muscle in states of low levels of glucose flux or in the absence of Glut4 protein in vivo.
Since glycogen synthase activity is also regulated by the allosteric effector glucose-6-phosphate, which is directly generated by hexokinase, we measured hexokinase II and glucose-6-phosphate in muscle of muscle-G4KO mice. Interestingly, we found that the deletion of Glut4 in muscle results in increased levels of both hexokinase II and glucose-6-phosphate in muscle of muscle-G4KO mice compared with that of WT mice. These data suggest that the upregulation of hexokinase II leads to increased G6P levels, which may promote an allosteric increase in glycogen synthase activity in these animals, resulting in increased glycogen synthesis. Therefore, increased glycogen synthase activity in muscle of muscle-G4KO mice may also be explained in part by increased levels of glucose-6-phosphate.
In conclusion, our data suggest that mechanisms by which the deletion of Glut4 selectively in muscle results in increased glycogen content in the fasting state could work through the increased activation of glycogen synthase and decreased glycogen phosphorylase activity (Fig. 10) . The signaling pathways for increased glycogen synthase activation, at least at low insulin concentrations, appear to be independent of the classical insulin-signaling pathway (PI3K-Akt-GSK3). One involves increases in RGL and PTG proteins with an associated enhancement of the catalytic activity of PP1 in skeletal muscle. Another involves increased hexokinase II, resulting in increased glucose-6-phosphate levels, which allosterically increase glycogen synthase activity. Thus, our data suggest that the muscle-specific deletion of Glut4 alters multiple steps in glycogen metabolism, leading to increased glycogen content in muscle in the fasting state. Understanding the integrated regulation of these pathways in glycogen metabolism could lead to new therapeutic targets for obesity and type 2 diabetes. 
